Conventionally, microelectromechanical systems (MEMS) have been based mostly on silicon. 1 In this paper, we describe work carried out to evaluate carbon films produced by the pyrolysis of photoresists for use in MEMS and as electrode materials. 2 These carbon electrodes have potential applications in batteries, electrochemical sensors, and capacitors and in electrochemically based MEMS devices. The advantage of using photoresists as the starting material is that the photoresists can be patterned by photolithography techniques, and hence complex-shaped electrodes can be produced. Photoresists are used extensively in the integrated circuits industry and are very reproducible in their behavior, and hence the carbon films produced by pyrolyzing these photoresists constitute a potentially reliable carbon source.
spinning at 6000 rpm for 30 s in a spin coater. Multiple applications of the photoresist were performed to produce a final thickness of about 5-6 m before pyrolysis. The photoresist films were carbonized by heating in different ambient gases at 600, 700, 800, 900, 1000, or 1100ЊC. The pyrolysis atmospheres included: 10 Ϫ5 Torr vacuum maintained with a turbo pump; 10 Ϫ7 Torr vacuum from a turbo pump; 99.999% N 2 at 1 atm, and forming gas (95% N 2 , 5% H 2 ) at 1 atm. N 2 and forming gas were flowing at approximately 15 standard cubic centimeters per minute (sccm) during and after pyrolysis. The pyrolyzed samples were cooled to room temperature in the pyrolysis atmosphere before exposure to air. In all cases, samples were heated at 20ЊC/min, and held at the maximum temperature for 60 min before cooling.
Carbon film characterization.-The thickness of the carbon films before and after pyrolysis was determined using a profilometer. A small groove was made in the film so that the silicon beneath was exposed, and a surface profile was taken by moving the profiler stylus across the groove. The thickness of the resist film was determined from the difference in height between the photoresist and uncoated silicon. Three such profiles were taken on each film, and the average value was calculated. For thermogravimetric analysis (TGA), a small amount of the photoresist was heated in an oven at 100ЊC for about 3 h to dry the resist by evaporating the solvent. A four-point probe was used to calculate the sheet resistance of the carbon films. Scanning electron microscopy (SEM) was employed to observe the surface porosity of the films, and transmission electron microscopy (TEM) was used for microstructure analysis. Atomic force microscopy (AFM) was performed to study the film surface morphology. Raman spectroscopy (514.5 nm, Dilor X-Y spectrometer for microscopy, Kaiser Holospec for conventional Raman) was used on the films to investigate the presence of any characteristic graphite peaks. X-ray photoelectron spectroscopy (XPS) with a VG Escalab spectrometer was performed to determine the oxygen coverage on the films, based on O 1s and C 1s peak area ratios, corrected for instrumental sensitivity. The O/C atomic ratios of the vacuum pyrolyzed samples were determined immediately after pyrolysis, whereas the O/C atomic ratios of the films pyrolyzed in forming gas were determined after 3-4 days of exposure to laboratory air. Cyclic voltammetry was performed with a Bioanalytical Systems BAS 100 potentiostat on electrodes fashioned from the pyrolyzed photoresist. Both sides of the pyrolyzed photoresist sample were exposed to the electrolyte (with carbon film on one side and insulating SiO 2 on the S0013-4651(99)02-055-8 CCC: $7.00 © The Electrochemical Society, Inc. other), to reduce the possibility of film damage by a cell or O-ring. Approximately 0.5 cm 2 of pyrolyzed photoresist and an equal area of unmodified silicon were exposed to solution in typical voltammetry experiments. Background voltammograms with an uncoated silicon sample and a silicon sample coated with unpyrolyzed photoresist showed no voltammetric features and low background current. To determine sheet resistance, a probe head containing four closely placed tungsten probe tips was placed on the surface of the resist film. A known value of current (I) was passed between the two outer probes using a current source, and the potential (V) was measured between the two inner probes. The sheet resistance was calculated as
where CF is a sheet resistance correction factor that depends on the sample dimensions and the probe tip spacing. To fabricate patterned electrodes, exposure of the photoresist was performed with a Cobilt mask aligner, and AZ400K developer (Hoechst Celanese, Somerville, NJ) was used for the development of the image. The developed structure was pyrolyzed in a nitrogen atmosphere at 900ЊC.
Results Film shrinkage and weight loss.-Film thickness after pyrolysis was typically 1-2 m. The percent shrinkage of the resist films is reported in Table I . The shrinkage occurred almost totally in thickness; changes in lateral dimensions were minor. The shrinkage depended on curing atmosphere, with the high vacuum (10 Ϫ7 Torr) producing the lowest, and nitrogen generally producing the highest shrinkage. These differences are presumably due to trace oxygen in the curing atmosphere. Lyons et al. 17 showed that the difference in shrinkage for a different photoresist between pure H 2 and pure N 2 atmospheres was about 10%, so a reaction between carbon and H 2 does not appear to be a major factor in determining shrinkage.
TGA.-A TGA plot of weight loss vs. time for a 11.8 mg sample of dried AZ4330 photoresist heated in nitrogen is shown in Fig. 1 . The TGA was performed in the temperature range of 20 to 1200ЊC, at a heating rate of 50ЊC/min from 20 to 400ЊC and at a rate of 20ЊC/min from 400 to 1200ЊC. Starting with dried AZ4330 resist, there are significant weight losses of ϳ11% between 150 and 250ЊC, another 49% between 250 and 500ЊC, and a more gradual loss of an additional 9% between 500 and 1200ЊC. The final weight at 1200ЊC is 31% of the initial dry weight for the case of a nitrogen atmosphere. This compares to a film thickness of 20% of the original for 1000ЊC in nitrogen, implying that the pyrolyzed film is denser than the original photoresist. Based on pyrolysis of organic polymers, 24 the early weight loss coincides with the loss of H 2 O, CO, and CO 2 , while higher temperature weight loss accompanies aromatization. Combined with the film shrinkage, the weight loss corresponds to an increase in density of approximately 55% for the case of a nitrogen atmosphere.
Sheet resistance.-The values of sheet resistance for the resist films pyrolyzed at various temperatures in forming gas are given in Table II . The AZ carbon films at 600ЊC yielded unstable resistance values, and the number reported is questionable. The carbon film obtained at 700ЊC still shows very high resistance, but stable measurements could be made. The resistance decreased dramatically for the carbon films produced at 800ЊC and above.
The lowest value observed for sheet resistance was 51.2 ⍀/ᮀ for the 1100ЊC heat-treatment in forming gas. For a film thickness of 1.0 m, this corresponds to a resistivity of 5.1 ϫ 10 Ϫ3 ⍀ cm for the carbon film. For comparison, Tokai glassy carbon (GC) has a resistivity of (4.5-5.0) ϫ 10 Ϫ3 ⍀ cm for 1000ЊC heat-treatment and (4.0-4.5) ϫ 10 Ϫ3 ⍀ cm for 2000ЊC heat-treatment. 3 As is the case with several other carbon materials, the resistivity may be varied over a wide range depending on heat-treatment temperature, ranging from that of a semiconductor to that of a conductor over the 600 to 1100ЊC range.
Microscopy.-The SEM images of the AZ carbon films produced in different furnace atmospheres are featureless, with no evidence for porosity at several high magnifications. High resolution TEM of a small chip of pyrolyzed photoresist supported on a gold grid indicated the presence of areas of graphite-like structures in an amorphous carbon film. One such example of the graphite-like crystal planes observed in the amorphous carbon matrix is shown in Fig. 2 . The lattice image for the (002) plane was evident in the carbon films, even for those obtained by heat-treatment at 600ЊC. The (002) diffraction ring was observed by selected-area electron diffraction, and it is more prominent in the carbon films obtained by pyrolysis at 1000 and 1100ЊC. The extent of graphite microcrystallites apparent in Fig. 2 appears to be greater than that reported for similar materials by Kinoshita et al. 2 for currently unknown reasons. AFM images of several 1 ϫ 1 m regions of the pyrolyzed film were featureless and showed no evidence of porosity. The root mean square (rms) roughness of the pyrolyzed surface judged from AFM was approximately 1 nm. Previous scanning tunnel microscope (STM) results on GC report an rms roughness in the range of 4.1 to 4.5 nm for polished, heat-treated, and laser-activated (25 mW/cm 2 ) surfaces. 25 Raman spectroscopy.-Raman spectra of the AZ photoresist were acquired after pyrolyzing under various conditions, in order to assess the development of the characteristic sp 2 carbon bands at ϳ1360 and ϳ1600 cm Ϫ1 . The "D" (ϳ1360 cm Ϫ1 ) and "E 2g " (ϳ1582 cm Ϫ1 ) bands have been studied extensively, and their peak area ratio (D/E 2g ratio) has been correlated with disorder of the sp 2 carbon matrix. 26, 27 A larger D/E 2g ratio correlates with smaller graphite crystallite size (L a ), and indicates greater disorder. The unpyrolyzed photoresist itself was strongly fluorescent, and a Raman spectrum was not obtainable. Spectra acquired after heat-treatment in forming gas are shown in Fig. 3 , with GC for comparison. Baseline resolution of the D and E 2g bands was not observed for the pyrolyzed film. However, higher treatment temperature does cause band narrowing, indicating less disorder following higher temperature curing. This behavior is qualitatively similar to other types of pyrolyzed carbon, including carbon fibers. The apparent feature at approximately 1180 cm Ϫ1 is reproducible but currently unidentified. The furnace atmosphere did not have a large effect on the Raman spectra, although the D/E 2g band area ratio was slightly higher for vacuum treatment compared to forming gas, at all temperatures studied. Figure 4 shows a series of 10 microscopic Raman spectra acquired along a 900 m line with a spot size of ϳ10 m (10 times microscope objective). The constant D/E 2g ratio along the 900 m line indicates a uniform microstructure of the pyrolyzed film on a scale of the laser spot size (ϳ10 m). Equally constant spectra and D/E 2g ratios were obtained along a 150 m line using an ϳ1 m spot size (100 times objective). Constant intensities imply a smooth surface, since the microscope focus was maintained along the 900 m line. In fact, the smooth, featureless surface of the pyrolyzed photoresist made it difficult to focus both the optical and SEM probes.
XPS.-The unpyrolyzed resist showed an atomic O/C ratio of 22%. The observed O/C atomic ratios following curing at several temperatures in both vacuum and forming gas are listed in Table III . The vacuum apparatus employed for curing did not permit pyrolysis temperatures above 1000ЊC. The atmosphere did not have a large effect on the O/C atomic ratios until the higher temperatures were reached (1000-1100Њ C). The very low O/C ratio observed following pyrolysis at 1100ЊC (1.2%) increased slowly with air exposure. Heat-treated GC with comparably low initial O/C showed a much more rapid increase in O/C with air exposure, reaching ϳ6% in 24 h. Although contamination by hydrocarbons from lab air may affect the observed O/C ratio, it is clear that the pyrolyzed films are oxidized much more slowly than GC. When studied as a function of treatment temperature, the O/C ratio for pyrolyzed photoresist decreased greatly from the unpyrolyzed value, and decreased slowly between 600 and 1000ЊC. Forming gas at 1100ЊC yielded a very low O/C atomic 
ratio (1.2%), even after the surface was exposed to air for 4 days. Improving the vacuum during curing reduced the O/C atomic ratio, presumably due to the lower oxygen level in the curing atmosphere.
Electrochemical measurements.-Ru(NH 3 ) 6 3ϩ/2ϩ has been shown to be relatively insensitive to surface films and functional groups on carbon, 6, 28 and was examined as a simple outer sphere redox system. Electron-transfer rate constants for Ru(NH 3 ) 6 3ϩ/2ϩ on clean GC are comparable to those on metals, and are not seriously affected by surface monolayers or oxides. 27 In addition, Fe(CN) 6 3Ϫ/4Ϫ was examined due to extensive comparative data in the literature, 6, 7, 29 including previous measurements on pyrolyzed photoresist. 2 Figure 5 shows cyclic voltammograms of Ru(NH 3 ) 6 3ϩ/2ϩ obtained on the surface of carbon films pyrolyzed at several temperatures. Table IV lists observed ⌬E p (the difference in the peak potentials) values for 1 mM and 0.1 mM Ru(NH 3 ) 6 3ϩ/2ϩ in 1 M KCl, for electrodes formed in both vacuum and forming gas atmospheres. For 800 and 900ЊC treatment, ⌬E p s for 1 mM Ru(NH 3 ) 6 3ϩ/2ϩ were larger than for 0.1 mM, implying a significant contribution from the iR drop in the electrode itself. This table also lists ⌬E p values for 1 mM and 0.1 mM Fe(CN) 6 3Ϫ/4Ϫ in 0.1 M H 2 SO 4 . ⌬E p decreases for higher treatment temperature, at least partly due to the lower resistance. The effect of film resistance on the observed ⌬E p was examined in more detail by two different approaches. First, the expected resistance for the film was calculated from the measured sheet resistance at various curing temperatures (Table II) and the geometric dimensions of the film. The results are shown in Table V . Second, the resistance was estimated by adjusting the cell resistance as an input to a simulation program (Digisim, Bioanalytical Systems, West Lafayette, IN) until the simulated voltammograms matched the experimental result. As shown in Table V , the two determinations of resistance agree very well. Also listed in Table V is the corrected ⌬E p obtained by subtracting the iR error calculated from the sheet resistance and peak current. The corrected ⌬E p decreases with curing temperature, indicating an increase in electron-transfer rate with curing temperature. At 1100ЊC, the rate constant (k 0 ) for Ru(NH 3 ) 6 3ϩ/2ϩ determined from the corrected ⌬E p is 0.055 cm/s. This rate constant compares favorably with those observed for clean GC (0.1-0.25 cm/s). 7, 26 Treatment of polished GC in the 1000ЊC forming gas atmosphere under the same conditions as pyrolyzed photoresist yielded a rate constant for both 1.0 and 0.1 mM Ru(NH 3 ) 6 3ϩ/2ϩ of 0.04 cm/s. The Fe(CN) 6 3Ϫ/4Ϫ redox couple in 1 M KCl also exhibited ohmic potential error on pyrolyzed films, and exhibited behavior similar to that of Ru(NH 3 ) 6 3ϩ/2ϩ . (See Table VI ) For a 1000ЊC film, the uncorrected k 0 for Fe(CN) 6 3Ϫ/4Ϫ was 0.015 cm/s, and was 0.042 cm/s after correction of ⌬E p for film resistance.
The voltammetric background current in 1 M KCl was lower for pyrolyzed photoresist than for GC, following the same pretreatment. The apparent capacitance determined from the voltammetric background current for a film treated at 1000ЊC in forming gas was 8 F/cm 2 , while that for GC after the same heat-treatment was ϳ35 F/cm 2 . These values compare with previously reported values of 33 Ϯ 6 F/cm 2 for polished GC, 75 Ϯ 16 F/cm 2 for fractured GC, and 34 F/cm 2 for laser-activated GC. 25 Cleaning with isopropyl alcohol containing activated carbon increased the pyrolyzed photoresist capacitance to 9.2 F/cm 2 , while the same treatment increased the capacitance of a polished GC electrode from 38 to 66 F/cm 2 . 30 Fabrication of carbon microstructures.-Photolithography was used to fabricate an interdigitated electrode on the basis of AZ4330 photoresist, using standard techniques. 31 Figure 6 shows a SEM image of a section of the interdigitated electrode after pyrolysis. The darker regions in the image correspond to the carbon; the lighter regions correspond to the silicon substrate. The carbon stripes are ϳ950 m wide and 2 m thick, while the gap separating the interdigitated fingers is ϳ88 m wide. On pyrolysis, a shrinkage of ϳ71% of the photoresist film was observed in thickness, but no lateral shrinkage or distortion of the structure was observed. Discussion "Pyrolyzed carbon film" is a general term applied to carbon films made under a variety of conditions and having a range of properties. To distinguish the materials in this article and point out their utility for microfabrication, we refer to them as pyrolyzed photoresist films (PPF). The primary emphasis of this discussion is their electrochemical properties, which are compared to those of several similar materials in Table VII . Not all of the investigations listed used identical conditions, but several observations deserve special note. First, the resistivity of PPF is comparable to that of GC, and at the low end of the range observed for other pyrolysis procedures. Second, the rate constant for Fe(CN) 6 3Ϫ/4Ϫ is at least as high as that for other thin carbon -----0700  -87  --158  339  0800  146  92  142  88  100  077  0900  109  93  101  72  090  069  1000  088  98  090  70  084  080  1100  070  -084  70  -063  Polished GC  060  60  065  60 060 054 rate constants were not reported for most materials listed in Table VII , but the PPF value of ϳ0.05 cm/s compares favorably with 0.04 for similarly prepared GC. The increase in k 0 values with pyrolysis temperature is likely to be due to the decrease in resistance and the gradual filling in of the bandgap as graphitization occurs. For the current conditions, the kinetics of Ru(NH 3 ) 3 3ϩ/2ϩ were indistinguishable on 1000Њ PPF or on GC treated in 1000Њ forming gas. At least by the criteria considered in Table VII , PPF has good properties as an electrochemical sensor, with the added feature of photolithographic capability. Redox systems vary significantly in their sensitivity to the state of the carbon surface, 28 and the PPF surface may behave quite differently from GC for systems other than Ru(NH 3 ) 3 3ϩ/2ϩ and Fe(CN) 6 3Ϫ/4Ϫ . The low capacitance of PPF observed by voltammetry (8 F/cm 2 ) is important for possible analytical applications, and represents contributions both from double-layer capacitance and surface redox reactions. The low O/C ratio of PPF should reduce the density of redox active surface groups such as quinones, thus reducing the faradaic contribution to observed capacitance. The unusually low value of 8 F/cm 2 for PPF is matched only by the sputtered films of Schlesinger et al., 16 which had a capacitance of 7.5 F/cm 2 . The low value for sputtered carbon is surprising, particularly since the same paper reported an anomalously low value of 6.8 F/cm 2 for GC. The smooth surface of PPF must be at least partly responsible for its low capacitance, since its roughness factor (ratio of microscopic to geometric area) is lower than that of polished GC. The SEM, AFM, and Raman results indicate a very smooth surface with no features observable by light microscopy and an apparent AFM roughness of <10 Å. An additional factor that may contribute to low capacitance is the electronic structure of PPF compared to GC, a property that is strongly dependent on thermal history. There is no direct evidence for an electronic contribution at present, but it remains a possibility. Figure 6 . SEM image of a section of the photolithographically patterned carbon electrode after pyrolysis at 900ЊC in forming gas.. The image shows darker regions of carbon separated by lighter regions of silicon. The very smooth surface of PPF, with no observable porosity, implies a formation mechanism similar to liquid curing. Microscopic bubbles formed during outgassing are apparently filled by the hot film during pyrolysis. However, macroscopic flow was not observed, and the ϳ88 m gap apparent in Fig. 6 was maintained during pyrolysis. Shrinkage occurred predominantly in the vertical direction, and the final surface was free of observable porosity or pinholes. Liquid curing is not the only possibility for a formation mechanism, but it is consistent with a smooth surface of the cured films.
The curing atmosphere was studied in detail because of its likely effect on the surface O/C ratio. The high vacuum (10 Ϫ7 Torr) generally yielded the lowest O/C ratio up to 1000ЊC, but was not available at 1100ЊC with the apparatus used here. Forming gas is significantly simpler to implement than ultrahigh vacuum, requiring only a furnace and no pumps. The 5% hydrogen in forming gas should counter the trace oxygen present in most pyrolysis atmospheres, permitting the formation of very low O/C surfaces. In addition, the PPF surfaces showed low rates of increase in O/C compared to heat-treated GC, when monitored over several days of air exposure. We can speculate that this lower reactivity is due to a lower density of unsatisfied valences on PPF compared to GC, and lower reactivity with oxygen as a result. It is possible that pyrolysis in forming gas leads to a hydrogen-terminated surface, similar to that of hydrogen-terminated glassy carbon. 32 The O/C ratio for hydrogen-terminated GC has been shown to increase very slowly upon air exposure. 32 In closing, we can consider pyrolyzed photoresist pyrolysis to be another of many carbon materials suitable for electrochemistry. In this regard, it has the attractive properties of low background current, a smooth surface, and a low O/C ratio compared to GC. It exhibits electron-transfer kinetics for Fe(CN) 6 3Ϫ/4Ϫ and Ru(NH 3 ) 6 3ϩ/2ϩ comparable to those of other carbon films. In addition to these attractive electrochemical properties is the ability to use photolithography to make electrode patterns, demonstrated by Fig. 6 . Analytical devices based on pyrolysis of lithographic patterns may be mass produced, in principle, and may be the basis of high volume electrochemical sensors. The stability, adsorption properties, and electron-transfer kinetics of pyrolyzed photoresist are currently under investigation for a much wider range of redox reactions and potential electroanalytical applications based on carbon-MEMS.
